The satellite record has revealed substantial land surface "greening" in the northern hemisphere over recent decades. Process-based Earth system models (ESMs) attribute enhanced vegetation productivity (greening) to CO 2 fertilisation. However, the models poorly reproduce observed spatial patterns of greening, suggesting that they ignore crucial processes. Here, we explore whether fine-scale land cover dynamics, as modified by ecological and land-use processes, can explain the discrepancy between models and satellite-based estimates of greening. We used 500 m satellitederived Leaf Area Index (LAI) to quantify greening. We focus on semi-natural vegetation in Europe, and distinguish between conservation areas and unprotected land.
decelerate further climatic or atmospheric change. Vegetation is also controlled by atmospheric and climatic change, resulting in various feedback loops between vegetation and the atmosphere (Bonan, 2016) .
These feedback loops are partly regulated by biological processes that act on very different time scales. At the fast end, photosynthetic rates and stomatal aperture can be adjusted within seconds.
On longer time scales, individual plants may adjust anatomically to prevailing environmental conditions, for example, increasing stomatal density in response to elevated atmospheric CO 2 (Woodward, 1987) .
Even slower, range shifts in slow-reproducing or slow-dispersing trees may take millennia (Svenning & Skov, 2004) , while evolutionary adaptations to environmental conditions can play out over millions of years (Osborne & Beerling, 2006) . Observed vegetation change is thus a complex end result of many interacting processes that operate at different spatial and temporal scales.
One particularly conspicuous and relevant example of such complex vegetation change is land surface "greening." Greening refers to increases in several variables that are associated with vegetation productivity, "activity" or density. These variables include Normalised Difference Vegetation Index (NDVI), Leaf Area Index (LAI) and net primary production (NPP) and are derived from satellitebased observation since the early 1980s. The satellite data show that greening is a global phenomenon, although particularly prevalent in the northern hemisphere (Buitenwerf, Rose, & Higgins, 2015; De Jong, Verbesselt, Schaepman, & Bruin, 2012; Garonna et al., 2014; Mao et al., 2016; Nemani et al., 2003; Zhu et al., 2016) .
Identifying the drivers of observed greening is a complex task, but recent studies have made advances using Earth system models (ESMs) Mao et al., 2016; Murray-Tortarolo et al., 2013; Zhu et al., 2016) . ESMs are process-based models used in climate forecasts. In the land surface components of these models LAI, the one-sided leaf area (m 2 ) per ground area (m 2 ) is a key variable.
Simulation experiments can therefore be used to predict LAI under various climate and atmospheric change scenarios. By comparing modelled LAI with satellite observations, it is possible to identify the most important forcing variables (e.g., atmospheric CO 2 or temperature) that drive LAI increases. In these comparisons, satellite-derived greening rates are assumed to be representative of actual greening.
Current models reproduce the global average of satellite-based greening rates fairly accurately. However, the models performed poorly at simulating the spatial pattern of satellite-based greening estimates (Mao et al., 2016) . For example, ESMs tended to overestimate greening in western North America, while severely underestimating greening in Europe. This may indicate that important processes are either not well represented or not well parametrised in ESMs. A misrepresentation of processes suggests that sufficient mechanistic understanding of the system is lacking, while misparametrisation, although less severe, introduces error into model projections. This is problematic, as ESMs are the primary tool for climate forecasts.
Leaf Area Index predictions in ESMs can likely be improved by including more and better-parametrised plant functional types (now typically 4-16) and by better representing seasonal leaf phenology . However, the spatial discrepancies between modelled and satellite-derived LAI suggest an additional issue. Both individual species and vegetation types (e.g., biomes) may not be present in all locations with suitable environmental conditions. This situation, often referred to as disequilibrium, can be caused by ecological processes such as dispersal limitation (Svenning & Skov, 2004) , competitive exclusion (Svenning & Sandel, 2013) or by disturbance such as fire (Bond, Woodward, & Midgley, 2005) .
In this study, we hypothesise that disequilibrium resulting from land-use and ecological succession may explain the mismatches between modelled and observed greening rates in Europe. Specifically, we expect that succession towards more woody vegetation states, that is, forest regrowth, in semi-natural vegetation is an important driver of observed greening over the past decades.
Succession towards closed-canopy forest is the norm for environments that can support tall trees and in which disturbance, for example, by humans, fire or mammalian herbivores, is not frequent or severe enough to keep the vegetation open (Bond et al., 2005) .
However, if succession does indeed contribute to observe greening, it also raises the question of which processes have initiated or expedited succession. To assess whether land-use change in the form of intensified conservation efforts during the past decades has affected greening in semi-natural vegetation, we contrast areas managed for biodiversity conservation with areas managed for other objectives.
Finally, we address a common assumption in large-scale analyses of satellite data, which is that greening follows a linear trajectory (De Jong et al., 2012 (Aleman & Staver, 2018; Smit, Ruifrok, Klink, & Olff, 2015) . To assess the impact of assuming linear change in LAI time-series studies, we estimate the degree of non-linearity using a time-series segmentation approach.
In summary, the main study aim was to determine whether fine- ) and as half the total leaf area per ground area for needle-leaved vegetation (Myneni, Knyazikhin, & Park, 2015) . LAI therefore contains information on both the structure of vegetation (e.g., broadleaved vs. conifer forest) and productivity (e.g., dense vs. sparse canopies). To quantify vegetation dynamics, we used LAI derived from the MODIS sensor on NASA's Terra satellite. The LAI product is provided as 8-day composite images at 500-m resolution (Myneni et al., 2015 , downloaded 6 May 2016 . Product quality control layers were used to discard pixels with poor-quality data and only retain pixels with confidence classes "best result possible" and "good, very usable."
| Natura 2000
Natura 2000 
| Land cover
In order to delineate areas that are not intensively used by humans, we used the 2006 version of the CORINE land cover product to select nine classes of "natural" and "semi-natural" land cover types.
These land cover types will henceforth be referred to as semi-natural vegetation, recognizing that nearly all such areas have been influenced by human activities to some degree. Land cover types and details of area are given in 
| Environmental data
To quantify LAI change along environmental gradients, we used monthly mean temperatures (Hijmans et al. 2005 ) and monthly mean soil moisture balance calculated from estimates of actual evapotranspiration, precipitation and run-off (Trabucco & Zomer, 2010) . Both temperature and moisture impose fundamental constraints on plant functioning. These variables are not independent (Pearson's ρ = 0.66) as soil moisture is partly regulated by evapotranspiration, which in turn is partly regulated by temperature. However, since temperature not only affects plant functioning through water relations, but also directly affects physiological (e.g., photosynthetic rate) and behavioural (e.g., leaf expansion) processes, there is a need to interpret both variables separately and interactively. Data for all variables are long-term averages over 1960-1990 and were extracted from global grids with a resolution of 30 arcsec (±1 km).
| Data harmonisation
For every 500 m LAI grid cell, we determined the cover of selected semi-natural vegetation types and discarded cells with <80% seminatural vegetation cover. Each remaining cell was then assigned to a semi-natural land cover type, based on the dominant type within the cell. The 80% cut-off ensures a focus on areas dominated by seminatural vegetation, while still allowing the inclusion of mosaic landscapes, where the cover of semi-natural vegetation might be <100% in most pixels. A sensitivity analysis using higher (92%) and lower (68%) cut-offs showed that the 80% cut-off did not qualitatively affect estimates of temporal LAI change and that quantitative differences were minimal. Note. The third column shows area within the Natura 2000 network.
The total study area is 1,402,123 km 2 and is further described in text and Figure 1 .
outside Natura 2000. Most protected areas were small, with a median of 11 selected pixels per Natura 2000 area (approximately 2.75 km 2 ). All spatial operations were performed using the raster package (Hijmans, 2018) in R (R Core Team, 2018).
| Change analysis

| Temporal LAI change
We quantified the magnitude of LAI change for all selected pixels using annual means from 2001 to 2015. Previous studies have typically averaged LAI over the most productive part of the year, thus focussing on growing season productivity. Here, we chose to be more inclusive and use LAI data over the entire year. This allowed us to quantifying greening that results from temporal shifts in the annual growing cycle, for example, because of earlier warming-induced leaf emergence in spring (Menzel et al., 2006) or prolonged autumn growth as a result of changing community composition (Fridley, 2012) . Moreover, aggregating reflectance-based time-series to annual values results in more reliable estimates of change (Forkel et al., 2013) . We quantified changes in annual LAI means using the Theil-Sen estimator, which is a robust non-parametric estimator of linear slope. Preliminary testing showed that for these data, TheilSen slopes were near-identical to an alternative robust measure of change as described in (Buitenwerf et al., 2015) . Theil-Sen analyses were implemented using the rkt package (Marchetto, 2015) for R (R Core Team, 2018).
| LAI change in protected versus unprotected land
In comparing LAI change between areas in and outside of the Natura 2000 network, it must be recognised that environmental conditions within the study area vary substantially. Similarly, the biogeographic template (e.g., regional species pools, glaciation history) varies considerably across Europe. To account for this variation, we only compared pixels with similar climates, within the same vegetation type (similar ecological processes) and within a 50 km radius (similar biogeographic setting). Environmental similarity between pixels was defined as the minimum Euclidean distance in multidimensional environmental space, which consisted of scaled monthly mean temperatures and monthly mean soil moisture.
| Non-linearity of LAI change trajectory
To gain further insight into the (potentially non-linear) shape of LAI time-series, we employed a time-series trend-break analysis. This algorithm identifies how many contiguous linear segments best describe a time-series. A slope and intercept are estimated for each linear segment.
The algorithm was applied to the full 8-day interval LAI time-series from 2001 to 2015. First, each time-series is decomposed into seasonal, multi-year trend and noise components. For the trendbreak analysis, we focussed on the multi-year trend component, for which we set a minimum segment length of 3 years, yielding a maximum of five linear segments in the 15-year time-series. Due to computational limitations, the trend-break analysis was performed on a random subset (50%) of pixels selected in the steps described previously. Trend-break analyses were implemented using the bfast package (Verbesselt, Hyndman, Newnham, & Culvenor, 2010) for R (R Core Team, 2018) .
| RESULTS
| Magnitude of LAI change
Leaf Area Index increased in 84% of pixels with semi-natural vegetation across Europe (Figure 1 and Supporting Information Figure S1 ).
The largest increases were detected in Eastern Europe, particularly in Poland, the Czech Republic, Slovakia and Romania. The most notable decreases were detected in the Landes forest of south-western France, the Ardennes region of Belgium, the British Isles and in parts of northern Scandinavia. More moderate decreases were detected in the southern Alps and south-western Sweden.
Absolute LAI increases were greatest in high-biomass vegetation types (i.e., forest). In low-biomass vegetation, absolute increases were less pronounced but still positive for the majority of pixels ( However, vegetation type affected the relationship between the magnitude of temporal LAI change and the non-linearity of the timeseries giving rise to that change. For example, in broadleaved forest, Finally, within vegetation types, the relationship between timeseries complexity and the rate of LAI increase tended to be similar for protected and unprotected pixels. The largest exception was transitional woodland scrub, where in protected pixels, the greatest LAI increase emerged from linear (one segment) time-series, while in unprotected pixels, the greatest LAI increase emerged from the most complex time-series (five segments).
| DISCUSSION
In this study, we assessed whether land-use, land-use change and ecological processes contribute to land surface greening in European semi-natural vegetation. These processes may explain important mismatches between satellite-derived ("observed") and modelled greening rates. We found widespread LAI increases (i.e., greening) throughout Europe's semi-natural vegetation. Greening rates in conservation areas did not exceed greening in unprotected semi-natural vegetation, suggesting that increased conservation efforts have not contributed to greening. However, the spatial signature of LAI increase strongly suggests that land-use change in the form of land abandonment allows succession (forest regrowth) to proceed. Finally, we show that although the degree of non-linearity in LAI time-series is substantial, linear models appropriately capture inter-annual LAI dynamics on most of the land surface.
| LAI increases
Despite Relative increases (i.e., ΔLAI expressed in percentages) were highest in "transitional woodland-shrub" and "sclerophyllous vegetation," consistent with increasing woody cover in these semi-open vegetation types (Timmermann, Damgaard, Strandberg, & Svenning, 2015) . The large absolute increases in forests may not represent increases in woody cover, but rather forest growth, where increasingly tall trees support a denser canopy and thus increase LAI (Pretzsch, Biber, Schutze, Uhl, & Rotzer, 2014) . However, since we quantified LAI as the integral throughout the entire year, it is likely that part of the observed greening is due to increasingly long green seasons (Buitenwerf et al., 2015) . Longer green seasons in Europe result from longer growing seasons due to spring warming (Menzel et al., 2006) , but at local scales, other processes may contribute, including the spread of evergreens (Hernández, Dios, Montes, Sainz- Walther et al., 2007) and immigration by species that can take advantage of warmer autumn temperatures (Fridley, 2012) .
We also explored relationships between ΔLAI and temperature and moisture, which are the primary climatic drivers of vegetation dynamics in this area (Ciais, Reichstein, & Viovy, 2005; Jung et al., 2017) . ΔLAI peaked at intermediate to high MAT and MAM, that is, in climatically mild areas (Figures 3 and 4) .
If temperature and moisture indeed cause LAI to increase, there are two broad possible explanations. First, climatically mild areas may simply allow LAI to increase faster compared to areas with more extreme climates. Mild climates could simply allow biochemical and physiological growth processes to proceed at faster rates, but more indirect effects can also be important. For example, mild
climates support intrinsically faster-growing species (Reich, Walters, & Ellsworth, 1997) , and climate warming may extend the effective growing season length (i.e., the number of growing hours or days) more in mild than in harsher climates (Garonna et al., 2014) . Second, areas with mild climates may have a higher potential LAI.
Physiological processes set limits on the potential natural vegetation (i.e., when vegetation is at equilibrium with the environment)
for a given set of environmental conditions (Hickler et al., 2012) .
For example, cold temperatures restrict ranges of European trees (Körner et al., 2016) , while drought limits tree establishment and causes canopy dieback in southern Europe (Castro, Zamora, Hódar, & Gómez, 2005; Lloret, Siscart, & Dalmases, 2004) . Alternatively, LAI at the start of the observation period may be further from the potential LAI because it has been suppressed by humans, for While testing the purely ecological mechanisms suggested above would require additional data, there is good evidence to support release from agriculture (land abandonment) as a driving process.
The spatial signature of LAI increase strongly corresponds to areas where land abandonment is widespread, such as in Eastern Europe and mountainous regions of southern and central Europe (Figure 1 and Supporting Information Figure S1 ). Land-use dynamics are a complex interplay of spatial and temporal processes, but a few key socioeconomic and political developments can account for an important part of the spatial signature in LAI change (MacDonald et al.,
2000; Navarro & Pereira, 2012; Plieninger et al., 2016) . The dissolution of the Soviet Union in 1991 ended large-scale governmentplanned and subsidised agriculture across Eastern Europe, resulting in widespread abandonment of cropland (Estel et al., 2015; Kuemmerle et al., 2016; MacDonald et al., 2000; Skaloš et al., 2015) .
Simultaneously, the early 1990s saw reforms to the EU's Common Agricultural Policy, which was designed to implement agricultural subsidies. Measures to counter overproduction and adapt to increasingly free markets forced less profitable areas out of cultivation, particularly affecting regions of Portugal, Spain and Italy (Fuchs, Herold, Verburg, Clevers, & Eberle, 2015; Regos et al., 2016) . Upon abandonment, succession towards increasingly woody plant communities is no longer inhibited (Gellrich, Baur, Koch, & Zimmermann, 2007; Timmermann et al., 2015) . observed and modelled LAI may be even larger than recent studies suggest, since physiological processes that translate atmospheric CO 2 into primary productivity (i.e., plant growth) are not well represented in ESMs (Fatichi, Leuzinger, & Körner, 2014) . Small-scale CO 2 enrichment experiments suggest that at least some European forest trees are not carbon limited at ambient CO 2 (Bader et al., 2013) , although this does not exclude the possibility of carbon limitation at pre-industrial CO 2 .
| LAI decreases
Although LAI increased in most semi-natural vegetation, several regions had predominantly negative ΔLAI. One such "browning"
hotspot was the Landes forest in south-western France (Figure 1 ), where the 2009 storm Klaus caused major windthrow in the planted maritime pine (Pinus pinaster) forests that dominate this region (Mora, Banos, Regolini, & Carnus, 2014) . LAI decreases in the United
Kingdom cannot be easily explained by such an episodic disturbance shown to reduce shrub cover (Cohen et al., 2013; den Herder, Virtanen, & Roininen, 2008) . In addition, northern Scandinavia has been subjected to outbreaks of geometrid moths, which defoliate large areas of birch forest (Jepsen et al., 2009 ) and may be related to climate change (Hagen, Jepsen, Ims, & Yoccoz, 2007; Young, Cairns, Lafon, & Moen, 2014) . If differences in change trajectories signal management induced changes to ecosystem functioning, they may precede impending divergence in LAI magnitude and hence serve as early warning flags for future vegetation change (Verbesselt et al., 2016) . Alternatively, or simultaneously, it is possible that management does not affect vegetation state but rather the resistance or resilience to (environmental or anthropogenic) perturbations.
| Biodiversity implications
Just like the major shifts in land-use following land abandonment affect biodiversity (Cramer, Hobbs, & Standish, 2008; Guilherme & Pereira, 2013; Queiroz, Beilin, Folke, & Lindborg, 2014) , the potentially subtle effects of Natura 2000 management on vegetation change trajectories are also likely to have consequences for biodiversity. Although direct links to, for example, the distribution and population dynamics of individual species are difficult to make without more detailed ground-based data, our findings generate some useful question and hypotheses for future studies. For example, partially wooded vegetation types had the largest proportional increases in LAI (Figure 2b ). These increases were smaller in Natura 2000 areas than in unprotected areas, suggesting lower rates of woody expansion under Natura 2000 management. However, it has been argued that woody expansion may be favourable for overall biodiversity (Navarro & Pereira, 2012) . Forests, especially old-growth forests, are important reservoirs of biodiversity in Europe because they engineer structurally complex habitat and support a large number of species that are associated with dead wood (Lassauce, Paillet, Jactel, & Bouget, 2011; Ódor et al., 2006) . Furthermore, old-growth forests may be more resilient to climate fluctuations (Musavi et al., 2017) .
Despite these benefits of old-growth forest, a large proportion of 
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